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Abstract

The gene encoding vanadium-dependent bromoperoxidase (V-BPO) was cloned for the first
time from the red alga Laurencia saitoi, which produces pharmaceutically promising
brominated diterpenoids and triterpenoids. The molecular weight of V-BPO from L. saitoi
(LsVBPO1) was the highest (77.0 kDa) among previously reported V-BPOs from Laurencia
with a peptide insertion Asn194-Ser221 containing short Gln repeats. It shares approximately
60% amino acid sequence identity with V-BPOs from L. nipponica (LnVBPO1 and LnVBPO?2)
and L. okamurae (LoVBPOla and LoVBPO2a). Heterologously expressed LsVBPOI1 in
Escherichia coli was partially purified and exhibited low but significant bromination activity
of 38 U mg! protein using monochlorodimedone. The pH optimum was 8.0, which was more
alkaline than that for LnVBPOs and LoVBPO2a (pH 7.0). The K for H2O, was 0.04 mM,
comparable to LzVBPOI1 (0.026 mM), LnVBPO2 (0.025 mM), and LoVBPO2a (0.014 mM).
LsVPBOI retained its bromination activity until 45°C for 20 min. When incubated at 55°C for

20 min, catalytic activity decreased rapidly, as shown for LtVBPO1 and LoVBPO2a (retained
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at 45°C, decreased at 55°C) and LnVBPO2 (retained at 55°C, decreased at 65°C). Unlike other
V-BPOs from Laurencia (LnVBPO1, LnVBPO2, and LoVBPO2a), dialysis and concentration
during purification process were rapidly inactivated LsVBPOI, suggesting its structural

instability.

Keywords: Laurencia saitoi; vanadium-dependent bromoperoxidase (V-BPO); bromination
activity; red algae.

1. Introduction

Members of the red algae genus Laurencia (Rhodomelaceae, Ceramiales) produce various
halogenated (mostly brominated) compounds. The structures of > 700 halogenated compounds
were presented in a review by Harizani et al. (2016). These halogenated compounds are
categorized by their biosynthetic aspects, such as the non-terpenoids of Cis acetogenins,
sesquiterpenoids, diterpenoids, triterpenoids, and indoles (Suzuki and Vairappan 2005; Wang
et al. 2013; Harizani et al. 2016). Of these, brominated triterpenoids such as thyrsiferol and its
derivatives are promising for pharmaceutical applications because of their high cytotoxicity
against mouse lymphoid tumor cell line P388 cells (EDso 0.47-17 nM) (Fernandez et al. 2000).
Because of their strong cytotoxicities, unique structures, and partial enantiodivergency
(Hoshino et al. 2017), the biosynthetic mechanisms of brominated triterpenoids are an
attractive challenge.

In the view of the field of organic chemistry, a key step in the biosynthesis of brominated
triterpenoids is presumed to be the successive poly-etherification of a putative precursor of
squalene-tetra/pentaepoxide, triggered by electrophilic attack of Br" generated by
bromoperoxidase (Hashimoto et al. 1990; Suzuki et al. 1993; Carter-Franklin and Butler 2004;
Hoshino et al. 2017). The catalytic assumption of bromonium ion-assisted etherification by

bromoperoxidases focuses attention not only on biosynthetic aspects, but also with a view to



organic synthesis (Butler and Sandy 2009; Agarwal et al. 2017; Latham et al. 2018; Hofler et
al. 2019). Representative bromoperoxidases in algae are known to coordinate vanadate as a
cofactor and the so-called vanadium-dependent bromoperoxidases (V-BPOs) (Wever et al.
2018). However, bromoperoxidases from Laurencia producing brominated triterpenoids have
not yet been cloned and characterized. On the other hand, in our previous report, V-BPOs from
the non-terpenoid of the Cis acetogenin producer of Laurencia nipponica (LnVBPOI1 and
LnVBPO2) and the sesquiterpenoid producer of Laurencia okamurae (LoVBPQO2a) were
characterized using a heterologous expression system in Escherichia coli (Kaneko et al. 2014;
Ishikawa et al. 2022).

To shed light on the biosynthesis of cytotoxic and unique polyetherified structures of
brominated triterpenoids, gene cloning and characterization of V-BPO from L. saitoi were

conducted.

2. Experimental Section
2.1. Plant materials

Laurencia saitoi was collected from Oshoro Bay, Hokkaido, Japan in July 2011 and 2014
(Fig. 1). The collected algae were then transported to a laboratory on ice. The specimens were
identified by Dr. Tsuyoshi Abe (Hokkaido University Museum, Hokkaido University, Japan).
For LC/MS component analysis, algae were dried at 25-27°C for 1 week and stored at -30°C
until use. For V-BPO gene cloning, algae were washed with filtered and autoclaved seawater

and stored at -80°C until use.

2.2. LC/MS componential analysis

L. saitoi algal bodies (dry weight 1 g, n = 3) were extracted with MeOH. MeOH extracts
were dried in vacuo and separated using ethyl acetate and water. The ethyl acetate layer was
dehydrated using anhydrous Na>SO4 and then dried again. Dried samples were dissolved in
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MeOH and desalted using Strata C18-E columns (Phenomenex, Torrance, CA, USA). The
desalted extracts were subjected to LC/MS analysis at a concentration of 1 mg mL"! in MeOH.
Mass spectra were obtained using Accela-LC and LTQ Orbitrap Discovery platforms (Thermo
Fisher Scientific, Waltham, MA, USA) in the FT-ESI positive mode. YMC Pack Pro C18 (2.0
x 150 mm) (YMC, Kyoto, Japan) was selected as the analytical column. The elution program
was set to a linear gradient of 50-100% MeCN in water containing 0.1% HCOOH (0-20 min),
followed by an isocratic gradient of 100% MeCN containing 0.1% HCOOH (20-40 min) at a

flow rate of 0.2 mL min™'.

2.3. Partial cloning of LsVBPO1 by degenerate PCR

Genomic DNA was prepared from L. saitoi collected in July 2011 using phenol-chloroform
extraction and used as a PCR template. Takara Ex Taq (Takara Bio, Shiga, Japan) was used
under the following conditions: 94°C for 3 min, 32 cycles of 94°C for 30 s, 52°C for 1 min,
and 72°C for 30 s, followed by a final elongation step at 72°C for 3 min. The degenerate primers
(pair 1 in Table S1) were designed by referencing a conserved vanadate active center in V-
BPOs from L. nipponica (LnVBPO1 and LnVBPO?2, Kaneko et al. 2014) and one from the red
algae Corallina spp., whose X-ray crystal structures have been solved (Isupov et al. 2000;
Littlechild and Garcia-Rodriguez 2003). The amplified DNA was subjected to TBE 1.0%
agarose gel electrophoresis. The target band was excised, purified using a Quick Gel Extraction
Kit (Qiagen, Venlo, Netherlands), and subcloned into the pGEM-T Easy Vector (Promega,
Fitchburg, WI, USA). Plasmids were transformed into E. coli DH5a cells and purified using
the QIAprep Spin Miniprep Kit (Qiagen) for Sanger DNA sequencing using the BigDye Direct
Sequencing Kit on an ABI3130 instrument (Applied Biosystems, Foster City, CA, USA). The
partial J-BPO sequences obtained were analyzed wusing NCBI BLAST

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and Genetyx (GENETYX Corporation, Tokyo,
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Japan).

2.4. Partial cloning of LsVBPO1 by inverse PCR

Three independent inverse PCR amplification were conducted (Scheme S1). First, genomic
DNA from L. saitoi was digested with Xhol (Takara Bio, Shiga, Japan). The digested genome
was self-ligated using the Takara DNA Ligation Kit Ver 1 (Takara Bio) and used as the PCR
template. Primers were designed by referencing the partial /-BPO sequence obtained from the
degenerate PCR in 2.3 (pair 2 in Table S1). Takara Ex Taq was used under the following
conditions: 94°C for 3 min, 33 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min,
followed by a final elongation step at 72°C for 5 min. The amplified PCR products were
subjected to nested PCR using primer pair 3 (Table S1) under the same conditions. Amplicons
were checked using TBE 1.0% agarose gel electrophoresis for sequencing. Partial sequences
of V-BPO spanning 1-474 bp and 1,044-1,488 bp were obtained (Fig. S2). Second, the genomic
DNA was digested with Nsil (Takara Bio) and self-ligated to the PCR template. The PCR
experiments were conducted under the same conditions as described above. The primer pairs
used were pair 4 in the 1st round and pair 5 in the 2nd round (Table S1). V-BPO partial
sequences ranging from 1,482 bp to 1,742 bp were acquired (Fig. S2). Finally, the genomic
DNA was digested with Aarll (Takara Bio) and self-ligated to the PCR template. Takara LA
Taq (Takara Bio) was used for the 1st and 2nd rounds of PCR under the following conditions:
94°C for 3 min, 33 cycles at 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min, followed by
a final elongation at 72°C for 5 min. The primer pairs used were pair 6 in the 1st round and
pair 7 in the 2nd round (Table S1). A partial sequence of V-BPO from 1,693 bp to the stop

codon at 2,109 bp was obtained (Fig. S2).

2.5. Full length cloning of LsVBPO1



Degenerate PCR (2.3.) and inverse PCR (2.4.) provided five cumulative partial sequences of
V-BPO coding from the first Met to the stop codon (Scheme S1). Next, a primer pair amplifying
full-length V-BPO was designed (pair 8 in Table S1). A full-length sequence of V-BPO was
amplified using KOD Dash (Toyobo, Osaka, Japan) under the following conditions: 94°C for
2 min, 25 cycles at 94°C for 30 s, 56°C for 5 s, and 74°C for 1.5 min. After ethanol precipitation,
the amplified PCR products were digested with Ndel and BamHI (Takara Bio) to generate
pET21a (Merck, Darmstadt, Germany). pET21a was introduced using the Takara DNA
Ligation Kit v.1 (Takara Bio). The pET21a vector carrying the full-length V-BPO coding
sequence, including the stop codon, was transformed into Nova Blue E. coli cells (Merck) for
DNA sequencing. After verifying the correct sequence and insertion, the sequence was

deposited with DDBJ (https://www.ddbj.nig.ac.jp/index.html) as V-BPO from L. saitoi,

LsVBPOI (accession No. LC730855). Alignment and phylogenetic analyses were performed
using BioEdit (Hall 1999) and MEGA X (Kumar et al. 2018). The structural prediction model

of LsVBPOI1 was calculated using SWISS-MODEL (https://swissmodel.expasy.org/) and

visualized by PyMOL (https://pymol.org/2/). For the modeling, the X-ray crystal structure of

V-BPO from the red alga Corallina pilulifera at 2.20 A (1up8.1.A in PDB) was chosen as

template.

2.6. Amplification of LsVBPOL1 from cDNA

L. saitoi collected at Oshoro Bay in July 2011 and 2014 were subjected to total RNA
preparation using the RNeasy Midi kit (Qiagen). After digestion of genomic DNA and
purification of poly (A)" RNA using the Oligotex™-dT30 <Super> mRNA purification kit
(Takara Bio), cDNA was prepared using the Marathon cDNA Amplification Kit (Takara Bio).
PCR amplification was performed using Takara Ex Taq and primer pair 8 (Table S1) under the

following conditions:94°C for 3 min, 32 cycles of 94°C for 1 min, 48°C for 1 min, and 72°C
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for 2 min, followed by a final elongation step at 72°C for 3 min. The amplified products were

analyzed using TBE 1.0% agarose gel electrophoresis.

2.7. Construction and purification of recombinant LsVBPO]1 protein

pET21a vector carrying full-length LsVBPOI (2.5.) was electroporated into E. coli
expression cells strain BL21 (DE3) pLys (Takara Bio) for purification of the recombinant
protein without a tag. Purification was conducted according to the previously characterized
LnVBPOI1 and LnVBPO2 (Kaneko et al. 2014). The E. coli strain carrying LsVBPOI
constructed above was cultured in 1 L LB medium containing 50 pg mL! carbenicillin
disodium salt at 37°C with rotary agitation (120 rpm min') until the mid-log phase. The
expression of LsVBPOI was induced by 0.4 mM isopropyl-B-D-thiogalactopyranoside (IPTG)
at 25°C. The induced LsVBPOI protein was harvested as the soluble fraction using 50 mM
Tris-H2SO4 (pH 8.0) buffer containing 1 mM NH4VOs. The soluble fraction was subjected to
30% saturation with ammonium sulfate and precipitation. The supernatant was subjected to
DES52 anion exchange chromatography (GE Healthcare, Buckinghamshire, UK) using stepwise
elution with KBr (0.1, 0.2, 0.3, 0.4, and 0.8 M) in 50 mM Tris-H2SO4 (pH 8.0) buffer containing
1 mM NH4VO;. The fraction containing LsVBPO1 was guided by 10% SDS-PAGE (Laemmli
1970) using CBB and in-gel active staining with o-dianisidine; reaction mixture of 1 mM o-
dianisidine (Tokyo Kasei, Tokyo, Japan), 0.1 mM NH4VO3, 100 mM KBr, 100 mM sodium
phosphate buffer (pH 6.5) and 2 mM H>O; (Carter et al. 2002). Protein concentrations of the

eluents were quantified using a BCA protein assay kit (Thermo Scientific, Waltham, MA, USA).

2.8. Verification of bromination activity of LsVBPO1
Bromination activity of the recombinant LsVBPOI protein was assayed

spectrophotometrically at 25°C by measuring the decrease in optical absorbance at 290 nm



upon bromination of monochlorodimedone (MCD, e =19.9 mM™"' cm!, pH 6.0) to monobromo-
monochlorodimedone. The standard conditions were 50 mM MES-NaOH (pH 6.0), 200 mM
KBr, 50 uM MCD, and 1 mM H>O> (Bernhardt et al. 2011; Kaneko et al. 2014). One unit (U)
was defined as the conversion of 1 pumol of MCD per min. MCD was purchased from Alfa
Aesar (Ward Hill, MA, USA). The pH dependence was tested between pH 4.0 and 10.0. Two
buffer systems were used: 50 mM MES-NaOH at pH 4.0-7.0 and 50 mM Tris-HCI at pH 8.0-
10.0. To retain the ionic strength in different buffer systems, 0.15 M Na>SO4 was added (Wever
et al. 2018). Thermal stability was analyzed using standard assay conditions after treatment of

the enzymes at various temperatures (25-85°C) for 20 min. Steady-state kinetic experiments

were performed by varying the concentration of one of the substrates (0.01, 0.03, 0.06, 0.1,
0.15 and 0.2 mM H>O; or 0.1, 0.25, 0.5, 1.0, 2.5, and 5.0 mM KBr) while fixing the
concentration of the second substrate at a saturating concentration (200 mM KBr to determine

the K for HoO2, 1 mM H»O» to determine the K, for Br). Kinetic experiments were performed

at pH 6.0, to compare the K values of other red algae, including L. nipponica and L. okamurae.
Km values were derived from non-linear fitting of the initial rate data using GraphPad Prism
(GraphPad Software, San Diego, CA, USA). Chlorination activity was tested by adding 0.2 or
1.5 M KCl instead of 0.2 M KBr under the standard conditions (Soedjak and Butler 1990; Rush

et al. 1995; Ohshiro et al. 2002). All experiments were performed in triplicate.

3. Results
3.1. LC/MS componential analysis of L. saitoi

The red algal genus Laurencia produces various brominated compounds. These brominated
compounds are classified based on their biosynthetic background: Cis acetogenins,
sesquiterpenoids, diterpenoids, triterpenoids, and indoles. According to a comprehensive

review of Laurencia brominated compounds in Japanese coastal areas, L. saitoi in Oshoro Bay



is known to produce brominated diterpenoids and triterpenoids, such as parguerols and
thyrsiferols (Suzuki and Vairappan 2005). Our LC/MS componential analysis of L. saitoi
showed ions corresponding to the m/z of brominated diterpenoid parguerol as well as
brominated triterpenoids of thyrsiferols and magireol A. However, ions corresponding to other
brominated compounds (e.g., Cis acetogenins) appeared to be absent (Fig. S1). Thus, gene
cloning of V-BPO from L. saitoi was performed as a producer of brominated diterpenoids and

triterpenoids.

3.2. Gene cloning of LsVBPO1

L. saitoi in Oshoro Bay grows seasonally during July. If the expression of V-BPO(s) in L.
saitoi was transient, cloning from cDNA might have overlooked it. To ensure cloning, genomic
DNA was first used. Genomic DNA from Laurencia saitoi collected in Oshoro Bay in July
2011 (Fig. 1) was subjected to degenerate PCR. A partial sequence of V-BPO was successfully
obtained (489-1,074 bp; Fig. S2). By repeating the inverse PCR experiments (Scheme S1), four
additional partial sequences of V-BPO covering the first Met to the stop codon were acquired
(1-474, 1,044-1,488, 1,482-1,742, and 1,693-2,109 bp in Fig. S2). By referencing these five
partial sequences, primer pair 8 (Table S1) was designed to amplify full-length V-BPO from L.
saitoi genomic DNA. The full-length sequence was intron-less (2,109 bp, encoding 702
deduced amino acids; Fig. S2), which coincides with the features of red algal genomes (Collén
et al. 2013). Amino acid residues comprising the active center of V-BPO that coordinate
vanadate cofactors are well-conserved (Messerschmidt and Wever 1996; Weyand et al. 1999;
Isupov et al. 2000; Littlechild and Garcia-Rodriguez 2003; McLauchlan et al. 2019). The
deduced amino acid sequence of cloned V-BPO shares ~60% identity with previously
characterized Laurencia V-BPOs; LnVBPOI1 and LnVBPO2 from L. nipponica share 95%
amino acid identity (Kaneko et al. 2014), LoVBPOls and LoVBPO2s from L. okamurae share
98% amino acid identity (Ishikawa et al. 2022). A remarkable feature of LnVBPOs and
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LoVBPO2a, an insertion containing Gln repeats (Gly512-Thr568), was also confirmed. A short
insert ranging from Asn194-Ser221 containing Gln repeats was specific to cloned V-BPO (Fig.
2). Phylogenetic tree analysis showed that the cloned V-BPO branched into the clade of V-

BPOs from Laurencia (Fig. S3). We named the V-BPO cloned from L. saitoi LsVBPOI.

3.3. Comparison of LsVBPOL1 from genomic DNA and cDNA

LsVBPOI was amplified from the cDNA of L. saitoi to compare LsVBPOI cloned from
genomic DNA. As the bloom of L. saitoi in Oshoro Bay is transient in July, cDNA was prepared
from L. saitoi collected in July 2011 and 2014. All PCR products derived from cDNA using
primer pair 8 (Table S1) exhibited bands around 2.0 kb, the same mobility as the PCR product

from genomic DNA (Fig. S4).

3.4. Preparation of recombinant LsVBPOI protein

Recombinant LsVBPOI protein without a tag was prepared using an E. coli expression
system according to LnVBPO1 and LnVBPO?2 from L. nipponica (Kaneko et al. 2014). The
IPTG-induced recombinant protein of LsVBPO1 was eluted in 0.8 M KBr fraction of DE52
anion-exchange chromatography, which was confirmed by 10% SDS-PAGE with CBB and o-
dianisidine staining (Fig. 3). However, in contrast to the recombinant proteins of LnVBPOs
and LoVBPO2a, LsVBPOI1 eluted in the 0.8 M KBr fraction was still not pure. Dialysis or
concentration, as in LnVBPOs (Kaneko et al. 2014) and LoVBPO2a (Ishikawa et al. 2022) for
further purification, failed to retain its activity. Therefore, we utilized the 0.8 M KBr fraction
as partially purified LsVBPO1, with a total protein concentration of 29 ug mL"! (as calculated

by the BCA method), for further characterization.

3.5. Bromination activity of recombinant LsVBPOI protein
According to the MCD assay under standard conditions, bromination activity was estimated
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to be 38 U mg™! protein. The addition of vanadate (NaVOs3) enhanced the bromination activity
(P < 0.05, Student’s #-test, Fig. S5). The optimum pH was 8.0, and activity was nearly
disappeared at pH 4.0 (Fig. 4a). The activity rapidly decreased after incubation at 55°C for 20
min (23% compared to that at 25°C, Fig. 4b). It was not possible to recover the activity of
LsVBPOI that was inactivated by heat treatment at 75°C for 20 min, by incubating the enzyme
at 4°C for 20 min. The K and Vmax values for H>O» were determined as 0.04 (+ 0.00, standard
deviation) mM and 76.1 (+ 2.7, standard deviation) U mg! protein, respectively (Fig. 5).

However, Km and Vmax for Br were not calculated (Fig. S6). MCD-chlorination activity was

not detected at concentrations of 0.2 and 1.5 M KCIl.

4. Discussion

LsVBPOI was cloned from L. saitoi, a producer of various brominated triterpenoids and
diterpenoids (Suzuki et al. 1985; Kurata et al. 1998; Suzuki and Vairappan 2005). In another
genus of Laurencia, we cloned LnVBPOs from L. nipponica producing brominated Cis
acetogenin of laurencin (Kaneko et al. 2014), and LoVBPOs from L. okamurae produces
brominated sesquiterpenoids (Ishikawa et al. 2022). Despite difference in the carbon skeletons
of the putative precursors, the biosynthesis of brominated triterpenoids, Cis acetogenins, and
sesquiterpenoids are considered to initiate an electrophilic attack of Br™ (Fukuzawa et al 1994;
Carter-Franklin and Butler 2004; Bonney and Braddock 2012; Taylor and Fox 2015; Hoshino
et al. 2017; Zhang et al. 2019; Chan et al. 2019). Therefore, characterization and comparison
of V-BPOs from Laurencia, an enzyme that oxidizes bromide to bromonium ions, is crucial. A
comparison of the biochemical behaviors of V-BPOs in Laurencia (L. saitoi, L. nipponica, and
L. okamurae) is summarized in Table 1.

LsVBPOI shares approximately 60% amino acid identity with previously characterized V-

BPOs from L. nipponica and L. okamurae (Kaneko et al. 2014; Ishikawa et al. 2022). These
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Laurencia-derived V-BPOs contain a remarkable insertion consisting of Gln repeats (Gly512-
Thr568 in Fig. 2). Since this insertion is not found in other algal V-BPOs, it might be a
characteristic feature of Laurencia. In LsVBPO1, an additional short insert is found at Asn194-
Ser221 with short Gln repeats (Fig. 2, Table 1). Although the structural and physiological roles
remain uncertain, Gln repeats might affect the folding and biochemical behavior of V-BPOs
from Laurencia (Ishikawa et al. 2022). In contrast to cDNA-cloned LnVBPOs, LsVBPOI was
isolated from genomic DNA without introns. PCR amplicons from cDNA using the same
primer pair showed bands at 2.0 kb as shown for the amplicon from genomic DNA (Fig. S4).

E. coli-expressed recombinant LsVBPO1 was eluted in a 0.8 M KBr fraction, as was the case
for LnVBPO2 and LoVBPO2a (Kaneko et al. 2014; Ishikawa et al. 2022). However, unlike
LnVBPOs and LoVBPO2a, the eluent contained only partially purified enzyme (Fig. 3).
Because the same E. coli host and purification procedures were utilized, some amino acid
residues specific for LsVBPOI1 (e.g., insertion at Asn194-Ser221) might cause unusual protein
folding or aggregation with E. coli proteins during purification.

In the prediction model of V-BPOs from Laurencia (LnVBPO1, LnVBPO2, LoVBPO2a, and
LsVBPO1), GIn repeats feature in Laurencia (Gly512-Thr568) were visualized as huge
outstanding loops to make rather bulky forms compared to X-ray crystal structure of Corallina
V-BPO (Fig. S7). Red algal V-BPOs form homo-dimer based dodecamer by hydrogen bonds.
This multimeric structure with hydrogen bonds considered to link with thermostability of V-
BPO enzyme (Isupov et al. 2000; Ohshiro et al. 2002; Littlechild and Garcia-Rodriguez 2003).
Since the recombinant proteins of Corallina V-BPOs tend to show high thermostability (>
80°C) than LnVBPOs and LoVBPO2a (Ohshiro et al. 2002; Kaneko et al. 2014; Ishikawa et al.
2022), these outstanding Gln loops (Gly512-Thr568) may impair the compact multimeric
forms like Corallina V-BPOs. According to a superimpose analysis with C. pilulifera V-BPO,

another short insert containing Gln repeats, specific for LsVBPO1 (Asn194-Ser221) was also
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predicted as outstanding loop (Fig. S8). Therefore, LsVBPO1 might be the most bulk structure
in Laurencia V-BPOs.

In mammals, such unusual poly Gln expansions trigger protein misfolding and aggregation
and eventually cause neuro-diseases, such as polyglutamine diseases of Huntingtin disease
(Fujino and Nagai 2022). GIn repeats are also identified in various plant proteins. In
Arabidopsis thaliana, early flowering 3 protein (ELF3) contains Gln repeats. ELF3 is a “hub
protein” to interact various proteins and play a core component of the circadian clock and a
potent repressor of flowering. The Gln repeats in a hub-protein of ELF3 is considered to drive
adaptation to internal genetic environments (Undurraga et al. 2012). In Populus trichocarpa,
a C-terminus binding protein ANGUSTIFOLIA contains a Gln repeats. Although their
physiological functions remain unknown, protein variants consisting of the different number
of Glns (GIn 11, 13, and 15 repeats) are found and show the different cellular localizations. The
Gln 11 and GIn 15 variants located at nuclear and cytosol, respectively, while the GIn 13 variant
localized in both (Bryan et al. 2018). These imply that the Gln repeats causing aggregation in
mammalian cells might not be unsuitable and might have some physiological roles in plants.
Indeed, the different aggregation effects of Gln repeats in mammalian and plant cells are
discussed by overexpression of an aggregation-prone fragment of human Huntingtin protein
(HTT) containing Gln 69 repeats in plant cells A. thaliana. Interestingly, while the HTT caused
aggregation in invertebrate and mammalian transgenic models, aggregation was suppressed in
plant cells (Llamas et al. 2022).

Structural tendency and physiological rolls of Gln repeats for LsVBPO1 (Asn194-Ser221
and Gly512-Thr568) are unknown. However, as instances in ELF3, ANGUSTIFOLIA, and
overexpression of HTT in plant cells, Gln repeats in LsVBPO1 might have some physiological
rolls to adapt the enzyme to environment and location in L. saitoi alga. Laurencia produces

various brominated compounds and stores them in the specific storage organelle corps en cerise
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(Fig. 1). The GlIn repeats in LsVBPOI and V-BPOs from Laurencia might regulate cellular
location to simplify the transport and storage of brominated compounds which they may
produce into the organelle corps en cerise.

Partially purified LsVBPO1 (0.8 M KBr) was directly used to evaluate biochemical behavior.
MCD-bromination activity was 38 U mg™! protein, which was significantly lower than that of
purified recombinant LnVBPO1 (443 U mg’! protein), L VBPO2 (434 U mg! protein), and
LoVBPO2a (477 U mg! protein). In contrast, LsVBPO1 showed similar thermostability to that
of L. nipponica and L. okamurae (Table 1). Unlike other V-BPOs that can reform hydrogen
bonds for active homodimer-based dodecameric multimerization in the red algae Corallina
species (Isupov et al. 2000; Ohshiro et al. 2002; Littlechild and Garcia-Rodriguez 2003) and
the cyanobacterium Acaryochloris marina which also contains inter-/intra- disulfide bonds
(Frank et al. 2016), cooling heat-treated LsVBPO1 at 4°C did not recover activity. This implied
not only low purity but also labile protein structure, which might impair the reconstruction of
hydrogen bonds for multimerization.

The optimum pH of LsVBPO1 was speculated to be an alkaline pH of 8.0, which is
comparable to that of seawater (pH 8.1). In other Laurencia V-BPOs, LnVBPOs and
LoVBPO2a were neutral at pH 7.0 (Table 1). Generally, most native or recombinant red algal
V-BPOs showed an acidic optimum pH of 6.0 or neutral pH (7.0). The relationship between
the habitat and optimum pH of red algal V-BPOs has been reported (Baharum et al. 2013). V-
BPOs showing an optimum pH of 6.0 or 7.0 are from the algae in the intertidal zone. The
habitat of L. saitoi in Oshoro Bay, which was sampled, is 2.0-3.0 m deep in a subtidal zone. On
the other hand, the habitats of L. nipponica and L. okamurae in Oshoro-Bay were 0.3-1.0 m
deep in an intertidal zone. These differences in and preferences of L. saifoi may contribute to
the optimal pH of V-BPOs.

LsVBPOI exhibited high affinity for H2O2 with a K value of 0.04 mM, similar to those of
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LnVBPOL1 (0.026 mM), LnVBPO2 (0.025 mM), and LoVBPO2a (0.014 mM) (Table 1). In the
paradigm of the other red algal V-BPOs, the purified native and recombinant proteins of
Corallina pilulifera are 0.092 mM (Ito et al. 1986) and 0.1 mM (Ohshiro et al. 2004)
respectively. In C. officinalis, 0.06 mM is reported for native V-BPO (Sheffield et al. 1993),
and 0.017 mM for a recombinant one (Carter et al 2002). The brown algal V-BPO from
Ascophyllum nodosum and the cyanobacterial V-BPO from Acaryochloris marina also show
similar K, values; 0.055 and 0.06 mM, respectively (Wischang and Hartung 2011; Frank et al.
2016). The generation of H>O> during photosynthesis and photorespiration has harmful effects
on algal physiology (Mata et al. 2010; Wever and van der Horst 2013). The low Kn value of
LsVBPOL1, despite its low purity, supports the role of V-BPO against oxidative stresses in

various algae (Wever et al. 2018). The K, for Br was not calculated. The eluent of the 0.8 M
KBr fraction was directly used without dialysis, exchanging Br -free buffer to avoid

inactivation. Endogenous Br  might interfere with the visualization of dose-dependent effects.

These results suggested that LsVBPOI is less stable than LnVBPO1 or LnVBPO2. Currently,
it is unknown whether the labile nature of LsVBPOI1 is due to the purification process of the
recombinant system. Further efforts to overcome its labile features, as well as new attempts,
such as quasi-real-time bromination reaction monitoring using online coupling of digital
microfluidics and mass spectrometry (Das et al. 2022), might shed light on the enzymatic
nature of LsVBPOI.

The structural diversity of brominated compounds in Laurencia is an attractive but
challenging topic for marine natural products (Harizani et al. 2016). From an organic chemistry
viewpoint, Br'-assisted etherification is assumed to play a key role. Based on this assumption,
putative precursors of Cis5 acetogenins, sesquiterpenoids, and triterpenoids are predicted to be
laurediol, nerolidol/farnesol, and squalene-tetra/pentaepoxide (Carter-Franklin and Butler

2004; Suzuki and Vairappan 2005; Hashimoto et al. 1990; Hoshino et al. 2017). V-BPO, an
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enzyme that catalyzes the oxidation of bromine anions, is considered a strong candidate for the
bromination and etherification of these precursors (Butler and Sandy 2009; Agarwal et al. 2017;
Latham et al. 2018; Hofler et al. 2019). Nevertheless, recombinant proteins of V-BPOs from
Laurencia have low in vitro bromination efficiency for putative precursors of Cis acetogenins
(Kaneko et al. 2014) and sesquiterpenoids (Ishikawa et al. 2022). Moreover, LsVBPOI, the
first V-BPO obtained from L. saitoi exhibited labile features and low bromination activity by
MCD. We should take note of the concealed V-BPO(s) and other relevant enzyme(s), as well
as different candidate precursors. Meanwhile, a panel of Laurencia V-BPOs (LsVBPOI,
LnVBPOs, and LoVBPOs) is essential for understanding the biosynthesis and diversity of
Laurencia brominated compounds.

In conclusion, a novel vanadium-dependent bromoperoxidase (LsVBPOI) was cloned from
Laurencia saitoi. To the best of our knowledge, this is the first report of cloning and evaluation
of recombinant V-BPO from a brominated diterpenoid and triterpenoid producer in Laurencia.
The different biochemical characteristics of the recombinant protein of LsVBPO1 from other
Laurencia V-BPOs and insertion of additional Gln repeats may be related to the production of

different types of brominated compounds.
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Algal surface

Fig. 1. Laurencia saitoi collected at Oshoro Bay (Hokkaido, Japan) in July 2011. The corps en
cerise, an organelle storing brominated compounds was observed at the surface.
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Fig. 2. Amino acid sequence alignment of V-BPOs from Laurencia saitoi, L. nipponica, L.
okamurae, Corallina pilulifera, and Acaryochloris marina. LsVBPOI,
LoVBPO2a are V-BPO from L. saitoi, L. nipponica, and L. okamurae, respectively. As the
comparisons, the V-BPOs from the red alga Corallina pilulifera (1up8_A: CpVBPO) and the
cyanobacterium Acaryochloris marina (SLPC_A: AmVBPO), which have had their X-ray
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. thkkkk . hkkkokk-kk-kkk kkkkk Khohkk.kk H : . . H * .k K

710 720 730 740 750 760
PR O T L P I RPN IS R RPN AP R
ELNKLCSNI‘SIGRNW‘VAGVHWKSDY;‘ESIKI‘.GEE IAIGLL‘REQKNVYSEDFSMTIL’LFDGSCVTV‘- - (643 aa)
ELNKLCSNISIGRNWAGVHWKSDYTESIKLGEEIAIGLLREQKNVYTECFSMTIPLFDGTCVTI-- (643 aa)
ELNKLCSNISIGRNWAGVHWKSDYTESIKLGEEIAIGLLREQKNVYAEDFSMTIPLFDGSSVTV-- (651 aa)
ELNKLCSNVSVGRDWAGVHWRSDYTESIKLGEEVALGLLREQANIYVEKFSMTVPLFDGGVEVISN (702 aa)
ELNKLADNIAIGRNMAGVHYFSDQFESLLLGEQVAIGILEEQSLTYGENFFFNLPKFDGTTIQI-~ (598 aa)
ELNKIAANISIGRDWAGVHYFTDYIESLRLGEKIAIGILEEQKLTYGENFTMTVPLYDGGSIQI-- (666 aa)
kkkk o ko:okk: kkkk: ok kk: kkk:.k.k.k Kk * ok k. ik okk

LnVBPOs,
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crystal structures characterized were chosen (Littlechild and Garcia-Rodriguez 2003; Frank et
al. 2016). The shadowed residues denote the principal residues responsible for enzymatic
activities and vanadate center. The block enclosed with the solid blue line contains a specific
insert with Gln repeats in Laurencia (Gly512-Thr568). The block enclosed with the dotted red
line contains an additional insertion specific to LsVBPO (Asn194-Ser221). The arrows colored
in orange show the Cys residues forming inter-/intra-disulfide bonds in AmVBPO. LsVBPO
shares 37% and 39% identities to CpVBPO and AmVBPO, respectively.
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Fig. 3. SDS-PAGE (10%) of partially purified recombinant LsVBPO1 protein.

Lane M contains a 20-250 kDa molecular weight marker. Lanes R-Ls are IPTG-induced
recombinant proteins of LsVBPO1 (0.8 M KBr fraction after DES52 anion-exchange
chromatography). Partially purified LsVBPO1 was verified as a band of approximately 75 kDa
on CBB staining (red arrow, 77.0 kDa). Recombinant LsVBPO1 protein was also stained with
o-dianisidine for in-gel active staining (Carter et al. 2002). The slight difference in the band
position between CBB and o-dianisidine might be due to differences in staining and washing.
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Fig. 4. pH dependency and thermal stability of recombinant LsVBPOI1 protein.
a: MCD activity at different pH values; b: thermal stability. After treatment with enzymes at

various temperatures (25-85°C) for 20 min, MCD activity was assayed.
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Fig. 5. Steady state kinetics for H20».
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Table 1. Comparison of biochemical behavior of recombinant proteins of Laurencia V-BPOs.

LsVBPOL1 LnVBPO LnVBPO LoVBPO2
1 2 a
Molecular 27 ypa  71kDa  71kDa  71kDa
weight
Single Single Single
Purification Partially band band band
degree purified on SDS- on SDS- on SDS-
PAGE PAGE PAGE
Bromination
activity 38 443 434 477
(U mg* protein)
Optimum pH 8.0 7.0 7.0 7.0
Inactivated pH 4.0 4.0 4.0 4.0
Activity
declined 45-55°C 45-55°C 55-65°C 45-55°C
temperature
Km for H20; 0.04 (= 0.026 (= 0.025 (+ 0.014 (=
(mM) 0.00) 0.006) 0.006) 0.001)
. Undetecta  0.53 (+ 0.35 (= 1.38 (x
Km for Br ble 0.05) 0.07) 0.07)
Chlorination Not Not Not Not
activity detected detected detected detected

The biochemical behavior of LzVBPOs and LoVBPO2a referenced from our previous reports
(Kaneko et al. 2014 and Ishikawa et al. 2022). Red letters denote unique biochemical behavior

in L. saitoi (LsVBPO1). K values within brackets indicate standard deviations.
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